The Anti-Tumor Properties of STAT1
==================================

The signal transducers and activators of transcription (STATs) belong to a family of seven cytoplasmic proteins that function as signal messengers and transcription factors participating in cellular responses to cytokines and growth factors.[@R1]^,^[@R2] The prototypical member STAT1 plays an essential role in innate immunity by protecting the host from virus infections and other pathogens.[@R1]^,^[@R2] Via DNA-binding STAT1 acts downstream of type I and II interferon (IFN) receptors and mediates the transcription of genes, which encode proteins with anti-proliferative, anti-viral and immune regulatory properties.[@R1]^,^[@R2] STAT1 activity is controlled by phosphorylation at tyrosine (Y) 701 and serine (S) 727 within the transactivation domain (TAD) of the protein.[@R1]^,^[@R2] Phosphorylation determines the transition of STAT1 between different dimer conformations. Whereas unphosphorylated STAT1 may dimerize in an antiparallel conformation Y701 phosphorylation triggers a parallel dimer conformation mediated by the phosphotyrosine:SH2 domain interactions, allowing increased DNA binding and nuclear retention of the protein.[@R3]^,^[@R4] Tyrosine phosphorylated STAT1 can hetero-dimerize by virtue of a reciprocal SH2:phosphotyrosine interaction with other STAT family members such as STAT2 and STAT3 to control cytokine and growth factor signaling.[@R2]^,^[@R5] STAT1 Y701 phosphorylation is mediated by the receptor associated Janus kinases (JAKs) that are activated in response to IFNs and other cytokines.[@R1]^,^[@R2] However, receptors with intrinsic tyrosine kinase activity (RTKs), such as epidermal growth factor receptor (EGFR), can also mediate STAT1 phosphorylation at Y701.[@R1]^,^[@R2] STAT1 phosphorylation at S727 plays an essential role in gene transactivation in response to IFNs.[@R1]^,^[@R2] STAT1 acetylation at lysine (K) 410 and K413 negatively regulates its activity by impeding DNA binding and promoting an anti-parallel conformation of STAT1 dimers that facilitates Y701 dephosphorylation.[@R6]

Early studies revealed an increased susceptibility of STAT1^−/−^ mice to chemical carcinogenesis compared with their wild type (WT) counterparts.[@R7] The increased rate of tumor formation in STAT1^−/−^ mice was attributed to impaired immune surveillance of tumors because these mice fail to respond to IFN-γ and display reduced natural-killer (NK) activity.[@R8] Mating of STAT1^−/−^ and p53^−/−^ mice yields animals with an increased tumor incidence and a broader spectrum of tumors than p53^−/−^ mice.[@R7] At the molecular level, STAT1 inhibits the proliferation of both mouse and human tumor cells treated with IFN-γ via its ability to increase the expression of cyclin dependent kinase (Cdk) inhibitor p21^Cip1^[@R9] or to decrease *c-myc* expression.[@R10] Also, STAT1 promotes apoptosis by upregulating the expression of caspases 2,3 and 7[@R11]^,^[@R12] or the expression of inducible nitric oxide synthase (iNOS).[@R13] The anti-tumor activity of STAT1 is further supported by its ability to inhibit angiogenesis and tumor metastasis in mouse models.[@R14] Early findings proposed a link between STAT1 phosphorylation and tumor suppression based on the fact that STAT1 was found to be phosphorylated at Y701 in various types of blood and solid human tumors.[@R15]^,^[@R16] Although so far STAT1 mutants have not been described in human cancer, regulation of STAT1 activity by phosphorylation at Y701 and S727 plays a key role in Ras tumor formation.[@R17]^-^[@R20] Despite the fact that the majority of studies support an anti-tumor function, STAT1 has been shown to promote leukemogenesis in mice expressing v-Abl or TEL-JAK2 oncoprotein.[@R20] This unusual property of STAT1 was found to be immune-dependent and require natural killer (NK) cell function and tumor immunoediting via the regulation of the major histocompatibility complex (MHC) class 1 expression independent of IFN signaling.[@R20]

STAT1 and Breast Cancer
=======================

Studies on mouse mammary gland revealed that while STAT1 expression is maintained through pregnancy, lactation and involution, Y701 phosphorylation and DNA binding are only detected in virgin animals, or during early pregnancy and late involution.[@R21] Although STAT1 is regulated during the different stages of breast development,[@R21] STAT1^−/−^ mice have a regular mammary gland development. In contrast to normal untransformed mammary cells STAT1 has been implicated in breast cancer development based on the observation that STAT1 Y701 phosphorylation is elevated in human breast tumors[@R15] and is associated with an increased survival independent of other known prognostic factors.[@R22] Also, increased STAT1 mRNA levels were shown to be part of a molecular signature associated with better prediction of the metastatic outcome for patients with hormone receptor negative and triple-negative breast cancers.[@R23]

Cell autonomous function of STAT1 in breast tumorigenesis
---------------------------------------------------------

Recent studies performed independently in the laboratories of Hennighausen,[@R24] Koromilas,[@R25] Schreiber[@R26] and Sexl[@R27] shed light on the role of STAT1 in mammary tumor formation. Despite the use of different experimental approaches, all studies reached similar conclusions and confirmed the tumor suppressing role of STAT1 in mammary tumorigenesis. Hennighausen and colleagues first reported the generation of mice bearing a floxed (flx) allele of STAT1.[@R24] The STAT1^flx/flx^ mouse was crossed to a mouse expressing the ErbB2/neu oncogene (deemed NIC) under the control of the mouse mammary tumor virus (MMTV) promoter.[@R24] The MMTV-NIC mouse was originally designed to express Cre recombinase under the control of an internal ribosome entry site (IRES) from the same di-cistronic mRNA with the NIC oncogene (MMTV-NIC-IRES-Cre).[@R28] Mating of STAT1^flx/flx^ mice with MMTV-NIC-IRES-Cre mice on FVB background resulted in STAT1 deletion within the same mammary epithelial cell expressing NIC.[@R24] Although tumors were first detected in both groups 36 weeks after birth, the overall disease latency was significantly enhanced in STAT1-deficient mice being 49.4 weeks compared with 62.4 weeks in STAT1-proficient animals. Since all cells of the tumor microenvironment expressed STAT1 with this approach, the anti-tumor role of STAT1 was thereby unequivocally linked to its cell intrinsic properties within the mammary epithelium.

Similarly, the Koromilas group used an in vivo model of tumorigenesis in which transgenic mice expressing an active form of ErbB2/Neu (deemed Neu NDL2-5) under the control of the MMTV promoter[@R29] were crossed with STAT1^+/+^ and STAT1^−/−^ mice on Balb/c background.[@R30] They observed that Neu NDL2-5-positive STAT1^−/−^ females that had borne one litter of pups developed tumors \~6 weeks before their STAT1^+/+^ counterparts (27 vs. 33 weeks).[@R25] The decreased latency of tumor formation was amplified in virgin females, with STAT1^−/−^ mice developing tumors at a mean time of 41.6 weeks compared with 49.1 weeks for the STAT1^+/+^ mice. Once tumor development began, there was no appreciable difference in the number of tumors formed or the size of each tumor.[@R25] These results showed that STAT1 acts as a suppressor of Neu NDL2-5 mammary gland tumor formation in mice.[@R25] Increased tumor formation in STAT1^−/−^ mice was not caused by morphological alterations of the mammary gland in the animals consistent with previous observations that STAT1^−/−^ mice have no defects in the mammary gland development.[@R21]

The Schreiber and Sexl groups analyzed spontaneous mammary tumor development to evaluate the impact of STAT1 in vivo.[@R26]^,^[@R27] The Schreiber group reported a higher tumor incidence more than 90% in the parous animals compared with 55% of tumor incidence reported by the Sexl group. While Sexl and colleagues never observed a tumor in a virgin female Schreiber and colleagues also reported on a tumor incidence of 65% in virgin animals. Slight differences were also found in the receptor expression of the tumors in both studies; whereas the tumors in the Schreiber study displayed an estrogen receptor positive (ER)^+^ phenotype and closely resembled human progesterone receptor (PR)^+^/ER^+^ tumors, the STAT1^−/−^ tumors described by the Sexl group were only in 50% ER^+^. The cause of these differences is not presently known but may be related to the different genetic background of the animals, that is, 129S6/SvEV background for the Schreiber studies vs. Balb/c background for the Sexl studies.

Both studies by the Schreiber and Sexl labs reported an enhanced appearance of mammary intraepithelial neoplasias (MINs) from the loss of STAT1 ([Fig. 1](#F1){ref-type="fig"}).[@R26]^,^[@R27] MINs represent precancerous lesions that have the potential to develop into carcinomas and are thought to result from increased proliferation and/or decreased apoptosis of the mammary epithelial cells. STAT1 has been implicated in both processes through its capacity to induce the expression of genes that inhibit cell proliferation and/or induce apoptosis.[@R13] A transcriptional role of STAT1 in mammary gland apoptosis was implied by the findings of the Schreiber group in which the transcriptionally inactive mutant of STAT1 (Y701F) was incapable of apoptosis induction.[@R26] However, the Sexl group did not detect any signs of cell death or apoptosis in their experimental system. In contrast, they were able to observe enhanced proliferation in vivo in both non-tumorigenic and tumorigenic mammary epithelial STAT1^−/−^ cells.[@R27] Further confirmation for a role of STAT1 as key regulator of mammary epithelial cell proliferation came from three-dimensional (3D) culture studies. The Sexl group used the 3D technique to compare the formation of mammospheres from primary mammary epithelial cells of virgin STAT1^−/−^ vs. STAT1^+/+^ mice. They found that STAT1^−/−^ cells formed significantly thicker mammosphere layers with an increased proliferative rate and in some cases capable of fill in the lumen of the acini.[@R27] The 3D culture approach may prove useful for studying the mechanisms of MIN formation of STAT1 deficient epithelial cells.

![**Figure 1.** STAT1 counteracts spontaneous mammary tumor formation in a dual way. First, STAT1 is needed to sustain efficient cytotoxicity of CD8^+^ T cell which are the main executors of mammary tumor surveillance. Natural killer (NK) cells only play a marginal role in defending mammary tumorigenesis. Second, STAT1 counteracts mammary intraepithelial neoplasia (MIN) formation by regulating growth control of mammary epithelial cells and by inducing apoptosis in malignant cells.](jkst-2-e23353-g1){#F1}

Stroma effects of STAT1 in breast tumorigenesis
-----------------------------------------------

Considering that the anti-tumor activity of STAT1 is linked to its ability to promote tumor immune surveillance,[@R8] Koromilas and colleagues further examined the contribution of STAT1 in the stromal compartment in the inhibition of Neu NDL2-5-mediated mammary tumorigenesis. To this end, mammary tumor cells isolated from Neu NDL2-5 STAT1^+/+^ and STAT1^−/−^ mice were subjected to orthotopic transplantation assays in syngeneic STAT1^+/+^ or STAT1^−/−^ mice. They observed that growth of the transplanted tumors did not significantly differ between STAT1^+/+^ and STAT1^−/−^ tumor cells in STAT1^+/+^ recipient mice kept under observation for \~9 weeks.[@R25] However, tumor growth of transplanted Neu NDL2-5 STAT1^−/−^ mammary tumor cells under the same period of time was significantly induced compared with STAT1^+/+^ mammary tumor cells in STAT1^−/−^ recipient mice.[@R25] Histopathology analysis of breast tumors identified two tumor phenotypes, one typical solid, nodular ErbB2/Neu-type tumor and another glandular papillary tumor, which were not different between STAT1^+/+^ and STAT1^−/−^ mice.[@R25] These data revealed the presence of both stromal and tumor-site specific effects in the suppression of Neu NDL2-5-mediated mammary tumorigenesis by STAT1.

Further evidence for a key role of STAT1 in the tumor microenvironment was obtained from the studies of the Schreiber and Sexl groups.[@R26]^,^[@R27] The Schreiber group reported on the selective downregulation of STAT1 protein in a large cohort of patients using histochemistry in tumor biopsies.[@R26] STAT1 downregulation was most prominent in the tumor cells themselves when compared with the surrounding stroma and infiltrating lymphocytes. The expression of STAT1 in the tumor stroma and the infiltrating lymphocytes may explain why many researchers have found high STAT1 levels in breast cancer samples under experimental conditions that do not allow separation of tumor stroma cells from the tumor cells such as western blotting or micro arrays of total tumors. These data highlighted the key role of the microenvironment for tumor development and the need of performing single cell resolution analysis in order to determine protein expression to a distinct cellular compartment. The Sexl group showed that STAT1-deficiency suffices to significantly enhance the incidence of spontaneous mammary tumor development in mice.[@R27] Moreover, the same group revealed a dual function of STAT1 in suppressing mammary tumor formation: on one hand STAT1 sustained efficient cytotoxic T lymphocyte (CTL)-dependent tumor surveillance and was required for full-fledged T cell cytotoxicity and on the other hand STAT1 inhibited cell proliferation in the mammary epithelial cells in a cell autonomous manner.[@R27] The ability of STAT1 to control the function of immune cells may play important role in regulation of tumorigenesis. That is, sustained activation of CTL by STAT1 contributes to breast tumor suppression. In contrast STAT1 loss in leukemic cells provokes the strong activation of natural killer (NK) cells due to the downreguation of MHC 1 molecules.[@R20]

Mechanisms of tumor suppression by STAT1
----------------------------------------

To understand the anti-tumor mechanism of STAT1, Koromilas and colleagues addressed the regulation of STAT1 phosphorylation in ErbB2-mediated signaling. They found that STAT1 Y701 phosphorylation is decreased in ErbB2-positive human breast tumor cells after treatment with drug inhibitors of ErbB2 but not after treatments with inhibitors of Src or JAKs.[@R25] These data indicated that ErbB2 activation mediates signaling pathways leading to increased STAT1 Y701 phosphorylation, a notion that was further supported in transient expression assays of STAT1 and an activated form of Neu.[@R25] Although the same authors provided evidence that STAT1 is a substrate of EGFR in vitro, it remains unclear whether increased STAT1 Y701 phosphorylation in breast tumor cells is a direct effect of ErbB2.[@R25] The functional interactions between ErbB2 and STAT1 were further supported by recent findings showing that STAT1 expression is induced by ErbB2 at the transcriptional level through STAT3 activation.[@R31]

In an attempt to explain STAT1 function downstream of ErbB2/Neu, the Koromilas group examined the effects of phosphorylation defective mutants of STAT1, namely STAT1Y701F and STAT1S727A, in ErbB2/Neu-mediated transformation. They found that the transforming properties of Neu NDL2-5 in p53^−/−^STAT1^−/−^ mouse embryonic fibroblasts (MEFs) were efficiently impaired by the expression of the STAT1 phosphorylation mutants in xenograft tumor assays in immune compromised SCID mice.[@R25] This finding suggested that STAT1 can inhibit ErbB2/Neu-mediated tumorigenesis independent of phosphorylation at either Y701 or S727. Because the signaling networks of ErbB2/Neu and STAT1 are context-dependent, it remains possible that the function of phosphorylated STAT1 in MEFs is different from its function in mammary epithelial cells. The ErbB2/Neu-mediated transformation studies were performed in p53-deficient MEFs.[@R25] Therefore, it would be important to examine the effects of STAT1 phosphorylation mutants in Neu NDL2-5-transformed STAT1^−/−^ mammary epithelial cells with wild-type p53.[@R32] An intriguing observation made by the Koromilas group was the ability of STAT1 to be phosphorylated by Neu NDL2-5 at tyrosine residues other than Y701 in transiently transfected cells.[@R25] To date, there has been little information about the regulation of STAT1 by phosphorylation at sites other than Y701 and S727. Previous studies by the Maniatis group showed the phosphorylation of STAT1 by IKKε at S708, a modification that contributes to the transcriptional induction of a specific set of IFN-inducible genes.[@R33] It remains possible that ErbB2 signaling leads to phosphorylation of STAT1 at novel sites that contribute to its anti-tumor activity in the mammary gland.

The Sexl group proposed that the inhibitory effects of STAT1 on ER-positive mammary epithelial cell growth are mediated by the interferon regulatory factor 1 (IRF-1).[@R27] Given that IRF-1 is induced by STAT1 at the transcriptional level, this explanation is consistent with the findings of the Schreiber group that inhibition of ER^+^ mouse tumor growth requires a transcriptionally active STAT1.[@R26] A role of IRF1 was shown experimentally by the significant downregulation of IRF-1 in STAT1-deficient tumors and the structural similarities between STAT1^−/−^ and IRF1^−/−^ mammary tissues in the 3D mammospheres.[@R27] A potential role of IRF1 in breast cancer was further supported by observations that IRF1 is frequently heterozygous in human breast tumor tissue and its expression is downregulated in high grade breast cancers.[@R27] Confirmation of the IRF1 function downstream of STAT1 would require the use of STAT1^−/−^IRF1^−/−^ mice to examine the effect of deficiency of the STAT1-IRF1 axis on mammary tumor growth. Also, it would be of interest to determine whether IRF1 downregulation in human breast tumors is associated with decreased STAT1 expression or expression of a transcriptionally inactive STAT1.

Conclusions and Perspectives
============================

In summary the evidence that STAT1 is a bona fide tumor suppressor of breast tumorigenesis is consistent and convincing. All studies examining mouse mammary tumorigenesis demonstrated the crucial role of STAT1 in the tumor initiating phase. This conclusion is further supported by recent findings showing that the anti-tumor activity of the milk protein α-casein requires the function of STAT1 in breast tumor cells.[@R34] It will be interesting to determine if and how STAT1 influences the progression of an already established breast cancer. Tumor cells frequently display alterations that help them to escape immune control such as the downregulation of IFN receptors that has been described in many tumor types. IFNs are considered major players in tumor surveillance with STAT1 being a key transcription factor mediating IFN-effects. Nevertheless, the effects of STAT1 on mammary tumor development do not simply reflect the inability to react to IFNs and are beyond the control of IFNs.

STAT1 responds to treatments with genotoxic drugs[@R35]^-^[@R37] including doxorubicin,[@R38] a drug that is efficient for the treatment of ErbB2-positive human breast tumors.[@R39]^-^[@R41] Therefore, it will be important to determine how STAT1 affects therapies with chemotherapeutic drugs used for the treatment of breast cancer. This will be possible with the treatment of the existing mouse models of breast cancer in which STAT1 is either systemically or conditionally deleted in the mammary gland. In addition, it would be of interest to examine whether STAT1 phosphorylation status determines the outcome of anti-breast tumor therapies with genotoxic drugs or drugs targeting ErbB2 and other receptor tyrosine kinases implicated in breast tumorigenesis.

An ability of STAT1 to sensitize breast tumor cells to chemotherapies aimed at the destruction of ER positive or ErbB2-positive tumors may be of therapeutic value by increasing the sensitivity of treatments and decreasing side effects. Also, further characterization of the known phosphorylation sites as well as identification and characterization of novel phosphorylation sites of STAT1 in ErbB2-positive breast cancers may be of diagnostic value for disease progression and treatment. This notion is supported by a recent study providing evidence that the cytoplasmic localization of Y701 phosphorylated STAT1 is a prognostic factor of advanced stage and worse survival of premenopausal breast cancer patients.[@R42] Moreover, identification of genes that mediate the suppressor properties of STAT1 in breast tumor cells may prove of prognostic value for the implementation of therapies that maximize the activation capacity of STAT1. Given that expression of a specific set of IFN-inducible genes by STAT1 has been implicated in drug resistance[@R35]^-^[@R37] and decreased metastasis-free survival of breast cancer patients,[@R43] transcriptional profiling of STAT1 may provide useful information about the implementation of efficacious therapies to combat breast cancer.
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